Liquid-phase chlorination of ethylene and 1,2-dichloroethane in a dark system was investigated, by using an agitated vessel with a flat free gas-liquid interface. The results were analysed to obtain the chemical reaction kinetics through a theoretical treatment of simultaneous absorption and reaction for gas-liquid heterogeneous systems.
Introduction
Chlorination of ethylene has been studied by many researchers for its academic and industrial interest.
Earlier studies dealt with the reaction in gas phase. Rust and Vaughan21) reported that the reaction of ethylene and chlorine in gas phase was negligibly slow at comparatively low temperature, but that at temperatures above 200°C both addition and substitution reactions took place. Stewart and Smith22) attempted to study the vapor-phase reaction of chlorine and ethylene at ambient temperatures but found that the major portion of the reaction occurred in liquid films of product deposited on the walls of the vessel and that two reactions appeared to occur simultaneously:
addition to form 1 ,2-dichloroethane and substitution on this product to form 1,1,2-trichloroethane.
Recently, Poutsma17'18) stated that the chlorine substitution reaction in dark liquid phase is a freeradical process because of spontaneous initiation of radical chains by interaction between chlorine and the olefin. Nishiwaki et al.16) reported that in the substitution reaction of chlorine and 1 ,2-dichloroethane the reaction was significantly enhanced by the presence of a small amount of ethylene.
Since liquid-phase chlorination of ethylene is a rapid reaction, i.e., the overall rate process is generally controlled by mass transfer of reacting components, it is difficult to obtain quantitative information about chemical reaction kinetics.
Balasubramanian et al.2) proposed a model of ab-
sorption and reaction of ethylene and chlorine in 1,2-dichloroethane liquid, and Chua and Ratcliffe4~6) also described an experimental investigation of the photocatalytic chlorination of ethylene. However, in their works, the liquid-phase reaction of ethylene and chlorine was assumed to be an irreversible instantaneous reaction.
The aim of the present study was to investigate the chemical reaction kinetics for the liquid-phase dark chlorination of ethylene and 1,2-dichloroethane. An agitated vessel with a flat free gas-liquid interface was used for experiments in concurrent diffusion of ethylene and chlorine into 1 ,2-dichloroethane liquid.
Thus, through a theoretical analysis by film model, the specific interaction of ethylene with the substitution reaction was clarified. The mechanisms of elementary reactions are also discussed.
Modeling of the Chemical Reaction and Mass
Tr ansfer 1.1 Chemical reaction of ethylene and chlorine in 1,2-dichloroethane liquid
The reaction of ethylene and chlorine in a liquid phase of 1,2-dichloroethane involves two competing reaction pathways, addition and substitution reactions, as follows:
The addition reaction is explained by an ionic mechanism,17'18) and so the chemical reaction kinetics
shows presumably (l,l)-order dependency on the concentrations of ethylene, A, and chlorine, B, as:
Rx =kR1AB (3) On the other hand, the substitution reaction of chlorine and 1,2-dichloroethane is accommodated by a radical chain mechanism. Photochemical or thermal initiation of chlorine radical is usually considered as: -^->C2H4-Cl+Cl à" (5) Propagation steps are usually considered as:
Clà"+C2H4C12-A*à"C2H3C12+HC1 (6) à"C2H3C12+Cl2-^C2H3C13+Clà"
As for termination steps, the probability of coupling between low concentration radicals should not be so 
where Mj represents the surrounding molecules. Since production of chlorine radical is significantly enhanced by the existence of ethylene, the termination step may be controlled by the deactivation of 1,2-dichloroethyl radical. Hence, according to the usual assumption of steady state for radical concentrations, the mechanisms of Eqs. (5) to (8) 
If the termination step is controlled by deactivation of chlorine radical, the same derivation of Eqs. (5), (6) , (7) and (9) In the operation without olefin, where the initiation step ofEq. (4) is slower than that ofEq. (5), the overall rate equation of chlorine substitution reaction may be considered from Eqs. (4), (6), (7) and (9), which leads to: (12) 1.2 Mass transfer of ethylene and chlorine in 1,2-dichloroethane liquid To obtain information about rapid chemical reaction rates in a gas-liquid heterogeneous system, the method of concurrent diffusion of two reactants was proposed by Roper et al.20) and has been developed to cover a wide range of conditions, including experimental procedures.12'23'24) A steady-state mass balance of concurrent diffusion of ethylene and chlorine within a liquid film of 1,2-dichloroethane accompanied by chemical reactions gives the following equations and boundary conditions according to the film model:
at gas-liquid interface:
at the edge of bulk liquid:
Film thickness, xf, is related to mass transfer coefficient and diffusion coefficient as follows:
Liquid-phase concentrations of ethylene and chlorine at the interface are determined by the equilibrium concentrations of gas phase. The absorption rates of the two gases through gas-liquid interface are given as:
To obtain the solution ofEqs. (13) to (16) The agitated vessel used in this study was of the same size as the vessel of which the mass transfer character was clarified by Hikita et al.8 ) The vessel, shown in Fig. 1 , was a cylindrical glass separable flask, 12cm in inner diameter and 20cm in height. Four vertical baffle plates, made of Teflon and 1 cm in width, were provided around the inside wall of the vessel at equal intervals. Glass paddle agitators were located at the center of each phase. Twoflat blades of 1.5 cm height and 5 cm diameter were prepared for the liquid phase, and six flat blades of 2cm height and 8cm diameter for the gas phase. Each agitator could be driven individually at different speed. An electric heater was attached around the outside of the vessel.
A glass cooling tube was set in the liquid phase.
Temperature was detected by C.A. thermocouples at the bottom and top of the liquid phase and in the gas phase, and was controlled within +0.5°C difference. chlorine diluted by nitrogen (Takachiho) were used.
Nitrogen (Nihon Sanso) was more than 99.9995% pure and contained less than 1 ppmoxygen.
Experimental procedure of physical absorption
Physical absorptions of ethylene into 1,2-dichloroethane liquid and that of oxygen into water were observed to determine liquid-side mass transfer coefficients of the apparatus. Under nitrogen atmosphere, 1500ml of 1,2-dichloroethane or water was introduced into the vessel, and then temperature and agitation speed were set constant at 20-30°C and 57-240 rpm, respectively.
The gas-phase agitator was driven at 500rpm. Then, ethylene gas or air was caused to flow through the gas phase in the vessel at a rate of about 2000ml/min, and the time course of the dissolving concentration was measured. Dissolving ethylene in 1,2-dichloroethane liquid was analyzed by gas chromatography.
Oxygen At steady states of dissolving concentration, following the transient periods of physical absorption, the equilibrium solubility of ethylene into 1,2-dichloroethane liquid was determined from the concentrations in gas and liquid phases.
Experimental procedure for reacting system
Concurrent diffusion of ethylene and chlorine was examined in the experimental vessel at a temperature of30°C Under nitrogen atmosphere, 1500ml of 1,2-dichloroethane was introduced into the vessel. The liquid-phase agitator was driven at a constant speed of 57-240rpm, and the agitating speed of the gas phase was 500rpm. A mixture of ethylene, chlorine and nitrogen gases was caused to flow through the gas phase of the vessel at atmospheric pressure. Gas samples were taken at the inlet and exit of the vessel (see Fig. 1 ). Ethylene flow rate was determined, based on the known flow rate of nitrogen, by a gas chromatograph after absorption of chlorine and hydrogen chloride into sodium hydroxide aqueous solution.
Flow rate of chlorine and by-product hydrogen chloride were determined by potassium iodide absorption followed by titrations with sodium thiosulfate and sodium hydroxide, respectively.
The concentration of chlorine dissolving in the liquid phase was continuously observed by a spectrophotometer of 370 nm visible absorbance, using a flow-type cell. Chlorination of 1,2-dichloroethane was also examined in the absence of ethylene at the temperatures of 45, 60 and 75°C. Chlorine gas was diluted with nitrogen, and was supplied into 1,2-dichloroethane liquid. Then, time courses of dissolving chlorine and 1 , 1 ,2-trichloroethane produced were observed. (m2s-1) at 30°C, and thus the film model was adopted in the analysis of this study. 3.2 Solubility of ethylene and chlorine in 1,2-dichloroethane liquid Henry's solubility constants, defined as Eq (21), were calculated from the experimental values of equilibrium concentrations in gas and liquid phases, which are plotted in Fig. 3 . Liquid-phase hypothetical fugacity, /L, was experimentally given for ethylene and chlorine, 19) and the values of molecular volume, FL, and solubility parameter, 8, were given by Hildebrand and Scott.13'14) Solid lines in Fig. 3 are the calculated results of Eq. (22) for ethylene and chlorine. Since the experimental data are almost described by the calculated lines, liquid-phase inter facial equilibrium concentrations were determined by using Eq. (22).
3.3 Chlorination of ethylene and 1,2-dichloroethane Experimental conditions of the concurrent diffusion system and measured results are shown in Table 1 . For the analysis of reaction kinetics, Eqs.
(10) and (ll) are respectively adopted in case 1 and case 2. Then, the values of reaction rate constants kRl and kR2 were determined so that the theoretical calculation of both Eqs. (18) and (19) agree with the experimental values, as shown in Table 2 . Typical concentration profiles within the liquid film are shown in Fig. 4 , which is calculated by the kinetic model of case 1 at the condition of Run 1. This figure suggests that diffusion of the reactants into the main body of the liquid phase is negligibly small, and so most reaction occurs within the liquid film.
It can be seen from the results of case 2 in. (3) and (10). Selectivity of the substitution reaction based on the addition reaction can be considered in a homogeneous system as:
In the last column of Table 1 , considerably large ratios of hydrogen chloride production by substitution reaction are observed at the large chlorine concentrations of Runs 1-4 in comparison with Runs 5-8. This is reasonably explained by Eq. (23). 3.4 Chlorination of 1,2-dichloroethane Figure 6 shows 1,1,2-trichloroethane formation rates in dark chlorination of 1 ,2-dichloroethane without ethylene at 60°C. The reaction rate shows firstorder dependency on chlorine concentration:
Temperature dependency of this reaction rate constant gave the value of activation energy as 20.1
The contribution of mass transfer resistance is roughly evaluated by the method of Astarita1} as:
Maximumreaction rate _ kR{C\^\iXf Maximum diffusion rate /tzX[Cl2];-0)
Since the values ofEq. (26) for the present experimental conditions are very small (less than 0.002), the effect of mass transfer resistance is negligible, and the chemical reaction occurs homogeneously and slowly.
The effect of this homogeneous reaction on the heterogeneous reaction with ethylene was evaluated as at most 2%. and for chlorine substitution to 1,2-dichloroethane showed respectively
(1,1)-and (l,2)-order dependencies on the concentrations of ethylene and chlorine. In the absence of ethylene, however, chlorine substitution to 1,2-dichloroethane obeyed (l,l)-order dependency on the concentrations of chlorine and 1 ,2-dichloroethane. [mol-m^-s"1] 
